ABSTRACT Ambipolar di usion, or ion{neutral drift, can lead to steepening of the magnetic eld pro le and even to the formation of a singularity in the current density. These results are based on an approximate treatment of ambipolar drift in which the ion pressure is assumed vanishingly small and the frictional coupling is assumed to be very strong, so that the medium can be treated as a single uid. This steepening, if it really occurs, must act to facilitate magnetic reconnection in the interstellar medium, and so could have important consequences for the structure and evolution of the galactic magnetic eld on both global and local scales.
Introduction
In weakly ionized gases, such as the cold, dense portions of the interstellar medium, the magnetic eld, which is carried by the ions, can slip or \di use" through the neutral gas. The process is usually called ambipolar di usion (e.g. Spitzer 1978) . It has been investigated primarily as a mechanism for the escape of magnetic ux from dense clouds, as originally proposed by Mestel & Spitzer (1956) , and for the damping of hydromagnetic uctuations (Kulsrud & Pearce 1969) ; see McKee et al. (1993) for a recent review of these processes.
When the ionization fraction is low and the momentum-exchange time between ions and neutrals is short, it is natural to treat ambipolar drift in the strong coupling approximation (Shu 1983) . The essence of this approximation is that the ion{neutral drift velocity, u i ?u n , is balanced by the Lorentz force, leading to terms in the magnetic induction equation which resemble nonlinear di usion, with a di usion coe cient proportional to the square of the magnetic eld strength.
It is well known that sharp fronts can form and propagate in the presence of nonlinear di usion (e.g. Zeldovich & Raizer 1967) , and we have recently carried out a preliminary investigation of this process in the interstellar medium (Brandenburg & Zweibel 1994, hereafter BZ) . We found that if the eld has a null and the medium is static the magnetic pro le in the vicinity of the null relaxes to a z 1=3 pro le (where z measures the distance from the null); the corresponding electric current density is in nite. If the eld does not have a null, but is forced by a sheared velocity eld, sharp current pro les develop also although the current does not formally become singular. E ects of this kind were seen also by Proctor & Zweibel (1992) and by Mac Low et al. (1994) .
This mechanism for developing sharp structures and large current densities in the { 4 { interstellar magnetic eld seems to us to be of considerable importance. Without such a mechanism it is di cult to understand how the magnetic eld could ever reconnect on astrophysically interesting timescales: the enormous lengthscales and relatively large electrical conductivities argue for long reconnection times. Only by reducing the magnetic lengthscale can reconnection times be appreciably shortened.
The strong coupling approximation must break down in the vicinity of a singularity. The purpose of this paper is to investigate this breakdown and to assess how far singularity formation actually proceeds when the assumption of strong coupling is dropped and resistivity is included. We do this by solving the time dependent, compressible MHD equations for two uids, one charged and one neutral, which interact with one another through ionization, recombination, and collisional momentum exchange. In Section 2 we discuss the basic equations and take various limits. In Section 3 we present numerical solutions of the equations and derive approximate formulae for predicting their behavior. Our basic result is that the z 1=3 steady solution is replaced by a pro le which is linear in z as z approaches zero, so that the current singularity is removed. The location at which the transition from z 1=3 to z occurs depends primarily on the resistivity, collision rate, and recombination rate, with all these factors entering because the inductive electric eld associated with the in ow must be ohmically driven near the stagnation point, and the advection of ions inward by the ow must be balanced by recombination. If we assume that these parameters have their interstellar values, we nd that the peak current density is approximately inversely proportional to the resistivity. Thus, ambipolar drift appears to remain a viable mechanism for promoting magnetic reconnection in the weakly ionized interstellar medium.
Governing Equations and Limiting Cases { 5 {
We consider the relaxation of a slab of weakly ionized uid containing a straight magnetic eld. The electron and ion uids are well coupled by an ambipolar electric eld over lengthscales of interest (the Debye length is expected to be by far the shortest lengthscale in the problem), so we treat only two uids: one charged, the other neutral. For simplicity we consider only one ionized and one neutral species. We assume that all quantities are functions of time t and one space coordinate z and that the magnetic eld B points in the x direction. Flow will be driven by magnetic and gas pressure gradients, and will be in the z direction. We simplify the problem by assuming that both the charged and neutral uids remain isothermal: thus we assume that radiative cooling dominates compressive and frictional heating. This probably leads to an underestimate of the e ects of pressure, but solving the energy equations correctly would complicate an already challenging problem, as it would be necessary to include ohmic heating, viscous heating (from both self and interspecies collisions), collisional excitation and radiative decay, and heat conduction by the neutrals and ions. 
where F = ? i in (u i ? u n ) + n u n ? 2 i u i ;
(6) G = n ? 2 i :
{ 6 { Here, c is the sound speed (kT=m) 1=2 , the density, the cosmic ray ionization rate, the recombination rate per unit volume, and are the magnetic di usivity and the kinematic viscosity, respectively.
In principle, these viscosities should di er from one another and should include the e ect of momentum transfer between species over a collisional mean free path. In practice, it will turn out that the dynamics of the neutral uid is rather unimportant, so the treatment of its viscosity does not matter much. The major role of viscosity in the ion dynamics is numerical stabilization.
The factor of 2 multiplying the ion pressure accounts for electron pressure. The subscripts i and n refer to the ion and neutral components, respectively. The ion{neutral collision frequency is given by in = n , where is the drag coe cient due to the momentum exchange in ion{neutral collisions, and = h vi=(m i + m n ), where h vi is the momentum transfer rate, and m i and m n are the particle masses of ions and neutrals.
We rst review the strong coupling approximation. This consists of taking the ion density to zero in Eq. (2) everywhere but in the friction term and in assuming that G is the dominant term in Eq. (4). That is, the Lorentz force is assumed to be balanced by ion{neutral friction and ionization equilibrium is assumed to hold. Moreover, the neutral pressure P n is assumed to dominate the magnetic pressure P M , so the fractional neutral density perturbation required to balance magnetic forces is small; of order P M =P n . This means that the ion pressure perturbation itself is small, so ion pressure gradients are negligible. This is the essence of the strong coupling approximation. When it is valid, the ion dynamics need not be calculated explicitly and the neutral dynamics are ignorable. Therefore the evolution of the magnetic eld can be determined from the magnetic induction equation alone. A less restrictive form of the strong coupling approximation would be to { 7 { neglect ion pressure and inertia, but to include the e ect of Lorentz forces (transmitted by friction) on the neutrals. This case is obviously of great interest in the interstellar medium. Applying the strong coupling approximation to the case in which the magnetic eld initially has a null at z = 0, and setting the magnetic di usivity = 0, we nd that the location of the null is preserved and that the magnetic eld pro le relaxes to a steady state with B / z 1=3 (BZ). The Lorentz force, and the ion velocity, then go as z ?1=3 . This singularity in u i , (or near singularity, as any resistivity at all will remove the strong current at the origin), means that the ion density must be driven away from ionization equilibrium near the origin. The resulting ion pressure peak formed by the strong convergent ow must become dynamically important near the null. One of the main purposes of this paper is to calculate the e ect of ion pressure near the null point.
It is also interesting to consider the opposite limit, in which ionization, recombination, and frictional momentum transfer are all negligibly weak. In this case, a steady state is reached (in the nonresistive limit) when ion pressure and magnetic pressure balance each other. The nal state can be calculated explicitly for any initial magnetic and ion density pro les using Lagrangian methods. In general, the ion pressure has a peak in the vicinity of the magnetic null. But if slow ionization and recombination are turned on once equilibrium is reached, the ion pressure peak will gradually disappear and the magnetic eld pro le will approach a step function, with constant positive and negative values on either side of the null. This, of course, is even more singular than the magnetic pro les predicted by the strong coupling approximation. However, we have never seen evolution of this type in our simulations, presumably because ion{neutral friction cannot be neglected in the parameter regime examined.
Returning to the full problem, we solve the equations of motion numerically using the 
As boundary conditions we require that the magnetic eld and the velocity vanish at z = 0, i.e. B = u i = u n = 0. In order to be able to approach a steady state, we prescribe the densities and magnetic eld on the outer boundary z = L, where L is the length of the computational domain, i.e. B = B 0 , i = i0 , and n = n0 . As initial condition we choose B = B 0 z=L, u i = u n = 0, i = i0 , and n = n0 .
We solve the system of equations using a third order Hyman scheme for the time step and second order nite di erences on a uniform mesh. We choose a value of that is close to the minimum value required for numerical stability. This value is given by the maximum grid Reynolds number for the magnetic eld, R grid m = c x= , where x is the mesh width and c = max(c i ; c n ). In practice, R grid m cannot exceed the value of 4. In all cases presented here we used 1024 mesh points, i.e. = 2:4 10 ?4 cL. The magnetic Prandtl number, P m = = is kept xed to a minimum value of P m = 0:1. The time step is always controlled by the Courant condition t = 0:25 x=(c 2 n + v 2 Ai ) 1=2 , where the numerical factor is determined by accuracy considerations for the scheme, and v Ai is the Alfv en speed of the ions. Magnetic di usion and viscosity are too small to a ect the timestep.
Relevant timescales are the ohmic and ambipolar di usion times, = L 2 = ; and AD = L 2 = AD ;
{ 9 { where AD = B 2 0 =(4 i0 n0 ) is the ambipolar di usion coe cient with respect to the outer values of the densities and the magnetic eld, the ionization/recombination timescales ion = ( n0 = i0 ) ?1 ; rec = ( i0 ) ?1 ; (14) and the acoustic and Alfv en timescales for ions and neutrals ci = L=(2c i ); cn = L=c n ; Ai = L=v Ai ; An = L=v An ; (15) where v Ai = B 0 =(4 i0 ) 1=2 and v An = B 0 =(4 n0 ) 1=2 . The parameter regime of interest is i0 c 2 i B 2 0 =(4 ) n c 2 n :
Thus, we put c n = 1 and B 2 0 = 4 , which gives the dimensions for the velocity and magnetic eld.
It is worth noting that the second inequality in Eq. (16) does not hold globally in the ISM, particularly in molecular clouds. It should be understood that we are looking at a local model of the neighborhood of a neutral sheet, so the gas pressure is certainly expected to dominate over some range.
We vary c i between 0.2 and 1, and put i0 = 0:1 and n0 = 10. This density ratio of ions to neutrals is not nearly as small as the ratio in cool HI and cold molecular gas, but computational problems arise if we make i too small, so we hope that the value adopted is low enough to see e ects that are typical for weakly ionized media. We furthermore put L = 1 which then xes the units of length and time. Using = 1:::100, we have AD = 1:::100, which is much shorter than the ohmic di usion time = 4 10 3 . The Alfv en and acoustic times are Ai = 0:32, An = 3:2, ci = 0:5 and cn = 1. We vary between 10 ?4 and 10 ?1 and, in order to ensure initial ionization/recombination balance we put = n0 = 2 i0 . Thus, ion = rec = 0:1:::100. The mean free path of ions is = c n = in = 10 ?1 :::10 ?3 , which is short compared to the macroscopic scales, a point which we return to in Section 3.3.
Results

Oscillations
Immediately after starting o the simulation we nd decaying oscillations in all variables with a period P 3:8 0:02 (for = 10). It is reasonable that there should be oscillatory relaxation, because the initial conditions do not satisfy force balance. For comparison we solved the dispersion relation for compressive waves with a uniform background magnetic eld with B 0 for k = =2, i.e. the lowest wavenumber consistent with the boundary conditions. Both frequencies and decay rates agree well with the numerical solution for a nonuniform eld. In the absence of a magnetic eld these oscillations still exist as purely acoustic oscillations of the neutrals. In Table 1 we compare the decay rates obtained from the numerical solution and from the dispersion relation (denoted by approximation).
In the parameter range investigated we nd that the amplitudes of the ve variables scale according to the following approximate relation:
The decay rate is of the order of the ambipolar di usion time, but it does not scale linearly with AD , which is in agreement with the dispersion relation (cf. Table 1 ).
In Fig. 1 we show the oscillations of all ve variables (at z = 0:5) about their mean value. Note that the velocities advance the magnetic eld by =2, whereas the densities are in phase with the magnetic eld. The neutral velocity advances the ion velocity by a very small amount (see the two neighboring dotted lines), and similarly the neutral density advances the ion density. This sign of phase shift is to be expected for magnetosonic waves in weakly ionized gas. For smaller values of (i.e. stronger ambipolar di usion) this phase lag becomes larger and close to =2. = 10 (Run B0). Here f stands for one of the terms in (17). The solid line is for B=B 0 , the dotted lines for u i =c n and u n =c n , and the dashed lines for ln i and ln n .
Asymptotic scaling properties
In this section we investigate scaling properties of various quantities and compare the numerical results with analytical approximations. The various runs are summarized in Table 1 , and the solutions are parametrized in a way that is explained below.
It is very time consuming to solve until we obtain a truly steady state. Therefore we consider quantities that are averaged over 2 periods. We are secure in doing so because, as discussed in the preceding section, we have veri ed that the oscillations are not caused by the numerics, but are frictionally damped magnetosonic waves. Furthermore, we show in Section 3.4 that there is a reduced set of equations for the ions which leads to the steady state that we now describe, without oscillatory behavior.
{ 12 { On the average the center of mass does not change, so we have i u i + n u n 0:
Since i n , u n is small compared with u i (but only on the average!) and will be neglected for the current discussion. (In the numerical computations it is, of course, always included.) A comparison of the two pro les is given in Fig. 2 . Su ciently far away from the origin resistive e ects will be unimportant and we expect asymptotic scaling properties. The ion pressure is only important near the origin and can be neglected in the asymptotic regime; see Fig. 3 . Thus, on the average, we expect a balance between the Lorentz force and the drag resulting from elastic collisions between ions and neutrals as well as the momentum transfer associated with ionization and recombination. From Eq. Here we have assumed that n i in . If that is not the case (for example in Run A0
where n = 0:1 i in ), we have to replace i in ! i in + n .
In the steady state, or on the average, the electric eld is constant, i.e. u i B = ?E, where E itself is positive. Using (19), and integrating over z, we obtain 
where u i = ?B 2 =(12 z i in ).
{ 14 {
In Fig. 4a we show the pro le of B 3 versus z, illustrating that the B / (z + z ) 1=3 scaling is indeed well reproduced. Note, however, that there is a marked \o set" between the outer solution and the origin such that the magnetic eld pro le becomes even sharper than the ideal z 1=3 solution (at least some distance away from z = 0). This o set is measured by the quantity B (see also Table 1 ). In order to understand this somewhat surprising behavior, and to predict its value for given input parameters, we need to match the asymptotic (outer) solution to the inner solution that is valid near the origin. 
Requiring now that the two solutions (20) and (23) 
where b = B 1 =B 0 is the normalized magnetic eld at the transition point. Here we have assumed z 1 L, which is satis ed in the (for us) relevant case where AD .
In order to x the value of z 1 we need another relation between B 1 and z 1 . Let us therefore recall that there are two e ects that prevent the asymptotic (z + z ) 1=3 solution from extending all the way to the origin. Both ohmic di usion itself and the buildup of ion pressure prevent the ion velocity from becoming singular at the origin, see also Fig. 2 . In the complete absence of ion pressure, resistivity alone would make the magnetic pressure gradient, and thus u i , linear at the origin. We will see that when the parameters of the problem take values appropriate to the interstellar medium, ion pressure is large enough to decelerate the ow outside the region where resistivity would dissipate the current. However, once the ow is decelerated, resistive e ects begin to compete with inductive e ects. This means that both resistivity and pressure gradients together determine the shape of the nal solution.
In Fig. 5 we see that the magnetic pressure gradient is balanced by the ion pressure gradient near the origin, and by the ion{neutral collisions away from the origin. Near the { 16 { 
where = 16 i0 c 2 i =B 2 0 is the plasma beta (at z = L) with respect to the charged uid. For the maximum density (cf. Table 1 ) we have i = i0 = 1 + b 2 = . The excess of charged particles near the origin is a consequence of the ion in ow. In the steady state, or on the average, this convergence of ion velocity can only be compensated by recombination. Integrating Eq. (4), evaluated at z = z 1 , and using (25) 
From (24) and (28) 
The roots of (29) give the value of b = b(Q; ) at the transition point. It turns out that there is only one real root within 0 b 1. In Fig. 6 we give the graph of b versus Q for di erent values of . In practice, we are most interested in the case b 1, Q= 1, and then the relevant root of Eq. (29) is { 18 { Note that Q is governed by the geometrical mean of ohmic di usion and ionization timescales relative to the ambipolar di usion timescale. It is illuminating to rewrite Q in terms of basic timescales in the problem. In order to do this we assume that the resistivity , which is related to by = c 2 4 , is caused by collisions with neutrals, which occur at a rate en . We take for the collision rate en = 4 10 ?15 8kT m e ! 1=2 n n s ?1 = 2:5 10 ?9 T 1=2 n n s ?1 ; (31) where we use the velocity independent cross-section given by Krall & Trivelpiece (1973) , take T = 10 K, and express n n in cgs units. We compute the ion{neutral collision frequency assuming that HCO + and H 2 are respectively the dominant ion and neutral species and nd, using the collision rates from Draine, Roberge, & Dalgarno (1983) in = 1:3 10 ?10 n n s ?1 :
We then nd that Q can be written in the form 
where L and B are measured in parsecs and microgauss, respectively and ! ce;i are the electron and ion gyrofrequencies. These gyrofrequencies are typically much larger than other frequencies in the problem.
The parameter is estimated to be = 6:9 10 ?2 n i B ?2 = 7:6 10 ?7 n 1=2 n B ?2 ; (34) where we have used the approximate relation for molecular clouds n i 1:1 10 ?5 n 1=2 n (McKee et al. 1993) . We therefore nd =Q = 27 n ?3=2 n L ?1 pc 1
for conditions of interest.
{ 19 {
The magnetic pro le makes the transition from linear to z 1=3 scaling at approximately the point z 1 . According to Eq. (24), z 1 is proportional to the ratio = AD . In the second panel of Fig. 6 
where the unit of length appears on the RHS because we are scaling L in parsecs. Note that this scale decreases almost proportionally with . For comparison, the skin depth , which is the scale that arises from balancing advection and di usion, i.e. = ( =Lu t ) 1=2 , goes like 1=2 . Using = 2 10 8 n 1=2 n , we have = 2 10 10 L 1=2 pc n 1=4 n cm, where we assumed for the turbulent velocity u t = 10 km/s.
The scale for z 1 is so small that it cannot be real. Instead of singularity quenching by pressure or resistivity, there must be some e ect outside the scope of uid theory which limits the sharpness of the magnetic pro le. Two lengthscales emerge as likely candidates: the ion mean free path, and the ion gyroradius. The latter is expected to be much smaller; the gyroradius for HCO + at T = 10K is a i = 1:6 10 7 =B cm. Since the ions are tied to the eldlines sharp structure could persist down to these scales much as quasiperpendicular collisionless shocks exhibit transitions in the uid properties on scales as small as an ion gyroradius.
The considerations above have illustrated the importance of numerics in testing and motivating analytical scaling relations. The range of di erent time and lengthscales relevant to the interstellar medium is so broad that is would be very hard to apply the numerical computations directly to those values. Instead, what we have done here is to use the simulations to identify the relevant balance mechanisms in the system of equations and to obtain clear guidance as to how construct an approximate relation that would be valid beyond the regime accessible to the numerics, provided of course that no new physics enters. Although we found it more convenient to solve these equations time dependently and with viscosity included, the solution is much more easily obtained, because the oscillations discussed in x3.1. are now absent and we therefore do not need to compute a time average.
We repeated Runs B0 and F1 and found the same numbers as given in Table 1 .
It should be noted that the reduced set of equations for the ions is quite distinct from the usual one-uid approximation where one solves for the neutrals in the strong coupling limit. In our one-dimensional model the break down of the strong coupling approximation can a ect the solution even far away from the null.
Magnetic Reconnection
We have shown in the preceding section that ambipolar drift in the vicinity of a magnetic null results in large current densities over small scales. We have argued on intuitive grounds that this behavior promotes rapid reconnection, and in this section we quantify that claim. We rst show that magnetic eld and current pro les of the type seen in Fig. 4b are indeed unstable to the resistive tearing mode (Furth, Killen, & Rosenbluth 1963, hereafter FKR) . We then compute the growth rates, and nd them to be so large that { 21 { the time to form the pro le, and not the tearing mode time, is the longest timescale in the problem.
The tearing instability can be treated in two dimensions using stream functions for the velocity and the magnetic eld. We follow here the analysis of White (1983) and express the magnetic eld as r ŷ, where (x; z; t) = 0 (z) + 1 (z) cos kx exp t:
(We rely here on pressure instead of a third component of the magnetic eld to render the motion incompressible.) In tearing mode theory the Alfven and resistive timescales are assumed to be well separated, and resistivity is unimportant outside a thin layer in which the tearing takes place. The condition for instability, however, depends on the equilibrium magnetic pro le, and can be derived from the di erential equation satis ed by 1 in the outer region, in which resistivity is negligible 00 1 = (k 2 + B 00 =B) 1 (41) with the boundary conditions 1 = 1 at z = 0 and 1 = 0 for z ! 1. (Here, primes denote di erentiation with respect to z.) Note that Eq. (41) has a singular point at z = 0 because of the null in B; in fact the solution must be matched to a solution in the inner region, which includes resistivity.
We solve Eq. (41) for di erent values of k. FKR showed that the equilibrium magnetic pro le is unstable to tearing if the derivative of 1 at the origin, 0 1 (0 + ) 0 =2, is positive (see Adler, Kulsrud, and White (1980) for a demonstration that the free energy available to drive the tearing mode is proportional to 0 ). In a fully ionized medium the growth rate is given approximately by = ?3=5 (kv Ai ) 2=5 04=5 :
In the rst panel of Fig. 7 we plot 0 versus k for Runs B0 and B1. Referring back { 22 { to Table 1 we see that these runs have the same parameters except for resistivity which is four times larger for Run B1 than for Run B0. Evidently the broadened current pro le and enlarged linear region in Run B1 substantially reduces 0 . In all the cases given in Table 1 the growth rate increases with decreasing k. We assume x is bounded by L and impose periodic boundary conditions, requiring k > k min 2 =L. In the second panel of Fig. 7 we plot 0 versus z 1 for all runs, assuming k = k min . Evidently log 0 is remarkably well correlated with log z 1 ; the best t is 0 = 0:26 z ?2 1 . We can now draw the resulting eldlines by plotting contours of using Eq. (40); see Fig. 8 . We obtain 0 by integrating B. Near the origin we have to match the outer solution 1 to the inner solution. For the purpose of this picture we tted the outer solution to a parabola at the turning point of 1 .
Applying the tearing mode instability to molecular clouds the growth rate can be { 23 { 
where we have normalized the reconnection scale by the ion gyroradius a i in view of our remarks at the end of the previous section; z 1 =a i is expected to be of order unity. This growth rate typically exceeds the ion{neutral collision frequency. Therefore ions and neutrals are not well coupled over a tearing mode growth time, and the growth rate is given by (Zweibel 1989) . In fact, the growth rate might be better analyzed by a collisionless theory. In any case, the growth time is so short that the e ective time for reconnection in this case is the time it takes to form the nearly singular current pro le in the rst place, which in this problem is of order AD 2:5 10 5 n 3=2 n L 2 pc B ?2 yr. In other situations, such as shear ows like the rotating eddy studied in BZ, the timescale could be in uenced by dynamics as well.
Conclusions
Magnetic reconnection is thought on phenomenological grounds to occur in a wide variety of astrophysical settings, including collapsing, magnetized interstellar clouds (Mestel { 24 { 1966 , Galli & Shu 1993 , interactions between strong poloidal eldlines and molecular clouds near the galactic center (Serabyn & Morris 1994) , tangled eldlines in molecular clouds (Cli ord & Elmegreen 1983) and nally, on the largest scale, the galactic dynamo itself. In order to amplify the large scale magnetic eld of the galaxy within its relatively short lifetime, it is crucial that the magnetic eld topology can change rapidly on a dynamical timescale and virtually independently of ohmic di usion. However, only ohmic di usion can change the eld topology, and in order for this process to be fast, one needs to produce magnetic eld gradients at very small scales.
Turbulence can create su ciently small scales by winding up the eld around vortex tubes. This is an important mechanism, especially when the eld is not strong enough to counteract this windup process (which can be particularly severe in two dimensions, see Cattaneo & Vainshtein 1991) .
The formation of sharp structures by ambipolar di usion, on the other hand, can in principle be initiated even when the eldlines are almost straight, although this then requires the presence of magnetic nulls. In actual turbulence, however, there is always some amount of shear so that ambipolar ion{neutral drift can create sharp gradients even when there are no perfect nulls; see BZ and Mac Low et al. (1994) . These gradients are formed through the action of Lorentz forces on the ions, and, in the example we have studied (BZ), lead to a state in which the eld is nearly force free everywhere except in thin layers of intense current. Very little windup of the eld { approximately one rotation { is required to establish the magnetic geometry necessary for this state, suggesting that the mechanism can work even when the eld is near equipartition.
Our mechanism of generating sharp structures is somewhat reminiscent of the scenario of hydrodynamic vortex reconnection (Kerr 1993) , where antiparallel vortex tubes attract each other until they nally reconnect. Here too there is no windup but, again, in actual { 25 { turbulence there is always some shear so that this mechanism will hardly be realized in isolation.
We should point out that linear theory cannot be adopted near nulls. This explains partly why such theory predicts that ambipolar drift damps uctuations and works against energy transfer to su ciently small scales (Kulsrud & Anderson 1992 ).
Although we have demonstrated this only in two dimensions (BZ), we expect that also in three dimensions ambipolar drift acts to make the eld force free (J B ! 0), because the ions, having little inertia, quickly respond to Lorentz forces. This has the interesting consequence that it can inhibit dynamo action, because it can be shown from the magnetic induction equation that the growth of magnetic energy is proportional to hu (J B)i.
Therefore, although we pointed out above that ambipolar di usion might facilitate dynamo action by enhancing the rate of magnetic reconnection, the net e ect of ambipolar di usion on dynamos might not be wholly salutary. In any case, more examples of turbulent MHD ows with ambipolar di usion are needed, of course, to assess the prevalence of the singularity and its e ects.
Finally, we would like to reiterate that the strong coupling approximation, which was used in BZ, evidently breaks down near the singularity. Our present investigations have shown, however, that this in no way impedes the formation of sharp structures. Indeed, the more consistent treatment using the two-uid theory shows that oppositely oriented magnetic elds can be pushed together down to scales shorter than the hitherto known dissipative cuto scales. Since the uid approximation breaks down at scales shorter than the gyroradius, we can consider this new scale as virtually zero.
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